Porphyrazines possessing non-coordinating alkyl (propyl) and aralkyl (4-tert-butylphenyl) groups in the periphery were studied as optical sensors for a set of mono-, di-and trivalent cations. Investigated porphyrazines in the UV-Vis monitored titrations revealed significant responses towards aluminium and gallium cations, unlike other metal ions studied. Additionally, porphyrazine possessing 4-tert-butylphenyl peripheral substituents showed sensor property towards ruthenium cation and was chosen for further investigation. The presence of isosbestic points in absorption spectra for its titration with aluminium, gallium and ruthenium cations, accompanied by a linear Benesi-Hildebrand plot, proved complex formation. The continuous variation method was used to determine binding stoichiometry in 1:1 porphyrazine-metal ratio. X-Ray studies and density functional theory calculations were employed to investigate octa(4-tert-butylphenyl)-porphyrazine structure. The results helped to explain the observed selectivity towards certain ions. Interaction between ion and porphyrazine meso nitrogen in a Lewis acid-Lewis base manner is proposed.
Introduction
Porphyrazines (pzs) are macrocyclic compounds more related to phthalocyanines than to porphyrins. Exchanging meso carbon atoms present in porphyrins with nitrogen meso atoms in the core provides pzs with new physical-chemical properties (Fig. 1a) . 1, 2 Porphyrinoids have been examined so far as sensors for various compounds, e.g. metal ions, 3, 4 organic compounds, 5, 6 gases, 7-9 drugs 10 and complex mixtures, including beverages. 11,12 Solvent polymeric membrane sensors based on porphyrin and phthtalocyanine systems have been investigated for a broad range of mono-and di-valent cations. 13 Porphyrazines substituted in the periphery have myriad potential applications as photosensitizers for photodynamic therapy of cancer, 14 gas and metal ion sensors, 15 molecular conductors 16 and non-linear optical materials. 17 Phthalocyanines, while interacting with a Lewis acid (e.g. aluminium chloride) 18 or when titrated with H2SO4, 19 have revealed changes in the UV-Vis spectra (strong bathochromic shifts). [20] [21] [22] In both cases, the coordination of protic and Lewis acid with nitrogen meso atoms has been postulated. Freyer et al. 22 investigated interactions of metallophthalocyanines with Lewis acids, suggesting stepwise formation of several protonated complexes with a superacid like H + [AlBr4] -. In such a way, mono-, di-, tri-and tetraprotonated species were formed. The acid-base interaction was observed between H + [AlBr4] -and the meso nitrogen atoms of the pz core. However, this property has not yet been employed in order to detect Al 3+ and Ga 3+ . Our study aims to utilize the Lewis acid-meso nitrogen atoms interaction in developing of the novel optical sensors for aluminium and gallium cations.
Quantitative detection of aluminium is of great interest due to its adverse health effects, such as neurotoxicity, amyotrophic lateral sclerosis, and Alzheimer's disease, as well as its possible role in Parkinson's disease in the elderly. 23 Similarly, the detection of gallium has always been of great interest due to its growing applications in medicine. 24, 25 Gallium citrate [67 Ga] has been clinically used as a tumour-imaging and infection-seeking agent in various tumours and inflammations in lungs (active sarcoidosis, tuberculosis).
Various analytical methods for gallium and aluminium detection have been developed, including atomic absorption spectrometry, electrothermal atomic absorption, inductively coupled plasma mass spectrometry, and inductively coupled plasma atomic emission spectrometry. Despite this fact, there is a constant need for simple, inexpensive and rapid analytical techniques.
Spectrophotometric and spectrofluorometric methods meet all these demands and therefore are widely used. 26, 27 Even so, the detection of Al(III) has always been problematic because of its pH-dependence in aqueous solution and its poor coordination ability comparing to transition metals. 28, 29 Well established procedures for quantitative detection of aluminium have been reviewed by Tria et al., 30 and referenced by Lide. 31 Moreover, recently some novel sensors have been developed. 29, 32, 33 Spectrophotometric methods for gallium detection were referenced by Lide 31 and some novel reagents were proposed.
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Experimental
All reagents were used as submitted by commercial suppliers. Solvents were distilled before use. Magnesium octa(4-tert-butylphenyl)porphyrazine (1) and octapropylporphyrazine (2) were synthesized according to procedures (Fig. 1a) . [35] [36] [37] UV-Vis spectra were recorded on a Hitachi U-1900 spectrophotometer. UV-Vis monitored titrations were carried out in methanol- 38 The C hydrogen atoms were included in calculated positions with C-H = 0.93 -0.98 Å and refined as riding on their corresponding carbon atoms, with Uiso (H) = 1.2 Ueq (C) or 1.5 Ueq (methyl C). The O hydrogen atoms of the three propanol solvent molecules were located on a difference Fourier map and refined isotropically.
All non-hydrogen atoms were refined anisotropically. The tert-butyl substituents at the periphery of the pz molecule were found to be disordered. An attempt was made to model these fragments. The ca. 78% major occupancy orientation has been identified for both tert-butyl moieties in part A (Fig. 1b) .
Crystal data: CCDC 788766 contains the crystallographic data for 1. These data can be obtained, free of charge, via http://www.ccdc.cam. ac.uk/conts/retrieving.html, or from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK.
DFT calculations were performed at the B3LYP/6-31G(d,p) level and were carried out with the Firefly 7.1.E program.
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Results and Discussion
Spectroscopic metal ion binding titrations
There has been increased interest in pzs possessing 4-tert-butylphenyl or propyl peripheral substituents in chemical synthesis and in physical chemistry: e.g., pz 1 has been subjected via the demetallation into a seco-macrocycle transformation 40 and ring contraction to the related corrolazine ring; 41 such a process provides easy access to transition metal derivatives via simple metal insertion. 42 Fe 3+ -corrolazine complex acts as a catalyst for the oxidation of alkenes. 43 Moreover, outer complexes of ytterbium with octaphenyl-and octa(4-tertbutylphenyl)porphyrazines enabled to detect luminescence of ytterbium with maximum at 980 nm. 44 Modification of the phenyl substituent periphery seems to induce several interesting properties, e.g. the photosensitizing property, as has been lately shown on a series of octa(4-X-substituted-phenyl)porphyrazine magnesium (X = H, Cl, Br). 45 The UV-Vis spectra of the pzs 1 and 2 exhibit characteristic Soret and Q bands, one in the visible region at ca. 575 -675 nm (Q-band) attributed to π-π* transition from HOMO to LUMO of the pz ring, on the other one in the UV region at ca. 350 -400 nm (B-band) arising from the deeper π-π* transitions. In the UV-Vis absorption spectra of pz 1, the Q band absorptions were observed as a single band of high intensity at 640 nm. There was also a shoulder present at a slightly higher energy side of the Q band at 588 nm for 1.
Pzs 1 and 2 have not been investigated as metal ion sensors until now, as they do not possess peripheral heteroatom functionality. Porphyrazine 1 was subjected to titrations using various inorganic salts. At the beginning, UV-Vis spectra were studied upon addition of 1, 10 and 100 eq of metal ions. For these metal ions, which affected the pz spectrum, measurements were run for other ratios (pz to metal (Fig. 2) and Ga 3+ (Fig. S1 , Supporting Information) resulted in a decrease of the Soret and Q-band absorption intensities at 378 and 640 nm, respectively, accompanied by an increase of the band at 687 nm and in the range 394 -582 nm. In both cases, isosbestic points were found at 394, 582, 615 and 656 nm. Addition of Ru 3+ (Fig. S2 , Supporting Information) resulted in a decrease of the Q-band intensity at 640 nm and an increase in a new band at λmax 687 nm. The isosbestic points were found at 625 and 652 nm. UV-Vis spectra obtained for titration of pz 2 with Al 3+ and Ga
3+
are presented in Figs. S3 and S4 (Supporting Information), respectively. The optical changes caused by Ga 3+ and Al 3+ are similar to those observed in the case of pz 1. The decreases of the Soret band at 345 nm and the Q-band at 598 nm were observed. The intensity of the band at 631 nm increased. The isosbestic points were found at 581 and 613 nm. In contrast to pz 1, the decrease of both bands was accompanied by a hypsochromic shift of the Soret band and a bathochromic shift at the Q band, whereas an increase in the wide range between Soret and Q bands was negligible. Porphyrazine 2 revealed no changes upon addition of Na + , K + , Ag + , Mg 2+ , Ca 2+ , Co 2+ , Mn 2+ , Zn 2+ , Pt 2+ and Cu 2+ . In contrast to pz 1, pz 2 subjected to titrations showed no changes for Ru 3+ and an increase of the new band at 631 nm for Pd 2+ . It seems that pz 2 is less specific than pz 1 when titrated with trivalent cations. Figure 3 presents changes of the absorption coefficient value at 687 nm upon addition of 10 eq of the examined ions to pz 1. The Q-band at 687 nm intensity changes were found to be particularly sensitive for Al 3+ , Ga 3+ and Ru 3+ cations and achieved values 68, 50 and 32 times higher in relation to Mg 2+ . This specificity allowed us to use pz 1 as a sensor for Al 3+ and Ga 3+ trivalent cations. In order to determine whether the response for these cations was or was not affected by the presence of other cations, pz 1 was titrated with 50 eq of Al 3+ and the whole set of the previously used cations. The addition of Na + , K + , Mg 2+ , Ca 2+ , Co 2+ , Mn 2+ and Al 3+ (of 50 eq each) to pz 1 caused identical spectral changes as the addition of 50 eq of Al 3+ itself. To determine the mode of pz-metal ion interaction and binding constant K (Eq. (1)), Benesi-Hildebrand equation (Eq. (2)) was applied:
where ΔA (the change in absorbance), Δε (the change in molar absorption coefficient) comparable to those obtained for complexes of divalent cations with organic probes possessing β-diketone groups (log K 3.48 -4.00). 47 The continuous variation (Job's plot) method was used to determine the binding stoichiometry. [48] [49] [50] As the maxima of the plots are broadened, pz 1 complexes with Al 3+ and Ga 3+ represent moderate stability ( Fig. 2 and Fig. S1 , Supporting Information). Assuming the formation of pz-metal 1:1 or 1:2 complexes, plots of 1/ΔA vs. 1/[G] 2 were additionally analyzed. These plots resulted in curves, rather than straight lines (not shown).
Therefore, pz-metal complexes 1:1 stoichiometry was estimated; this fits perfectly with the X-ray data for 1 presented below.
Crystallographical analysis and empirical methods
Porphyrazine 1 was subjected to X-ray study and density functional theory (DFT) calculations. The asymmetric unit of 1 consists of the complex pz ligand molecule [C99H112MgN8O] and two n-propanol molecules. The Mg ion is coordinated to the pz core and a 1-propanol molecule is situated in its apical position (Fig. 1b) . The coordinated propanol molecule (U) and the pz ligand from the same complex molecule are bridged by two propanol solvent molecules (V, P) via a chain of two O-H···O and one O-H···N hydrogen bonds (Table S1 , Supplementary Information). The geometry of the magnesium center is the expected square pyramidal. The metal is displaced 0.44 Å out of the plane of the inner four nitrogens, which are coplanar to within 0.03 Å. Four Mg-N(pz) distances range from 2.011(1) to 2.023(2) Å, and the Mg-O bond is 2.030(1) Å (Table S2 , Supporting Information). The most noticeable structure feature is the orientation of peripheral substituents at both β,β-positions. Eight tert-butylphenyl fragments exhibit a propeller-like arrangement with six phenyl rings twisted in the same direction (units A, B and C). Two phenyl rings of the fourth unit (D) are rotated in the opposite direction and thus break the potential molecular C4 symmetry (Fig. S5, Supporting Information) . As a consequence of the reversed orientation, phenyl rings of adjacent units are inclined by 28 for A/B and B/C and by 89 for C/D and A/D units (Table S3 , Supporting Information). Moreover, the meso nitrogen (N4) atom becomes accessible for hydrogen bonding from the propanol solvent molecule (Fig. S5 , Supporting Information). We speculate that this meso nitrogen atom may be more easily accessible to trivalent cations and thus engaged in its 1:1 complex formation with Lewis acid, what was evidenced by the linear Benesi-Hildebrand plot and the continuous variation method described earlier.
The inclination of the phenyl rings to the pz core formed by 24 atoms, which is coplanar to within 0.05 Å, is very different within the same unit but is similar for all four A/D units. The phenyl substituents at pirole C4 positions are inclined by 50 to 64 , while for the phenyl rings at C5 positions the corresponding twists are 24 to 32 (Table S4 , Supporting Information). The dihedral angle between two β,β-phenyl rings of the same unit is ca. 55 for all A to D moieties. Along the unit cell [X] direction, molecules related by a center of symmetry are mutually shifted and form back-to-back pz dimers with an interplanar separation of 3.73 Å (centroid···centroid separation of 5.21 Å) and 8.66 Å between adjacent dimers (centroid···centroid separation of 12.16 Å), respectively. Six solvent molecules of two pz molecules are placed in a cavity between two adjacent dimers (Fig. S6, Supporting Information) .
Molecular geometry optimizations were performed on isolated molecules in vacuo and the C4 and D2 symmetry was assumed for the molecular structures of 1 and 2, respectively. Assuming a propeller-like arrangement of all eight phenyl rings for 1, two structures with rings twisted in the opposite directions, are optimized. In these two energy equivalent conformations (C4 symmetry) the geometry of the magnesium center is planar in the absence of a ligand (e.g. solvent molecule) at the fifth coordination position; Mg-N(pz) distances are equal to 1.991 Å; and the phenyl rings at pyrrole C4 and C5 positions are inclined to the pz core (24 atoms) by 43.6 and 43.4 , respectively. The dihedral angle between two β,β-phenyl rings of the same unit is 52.1 .
For the C4 1 and D2 2 symmetry energy-minimized structures, the molecular electrostatic potential (MEP) and the electrostatic potential derived charges (ESP charges) were calculated (Fig. 1c) . Results of MEP calculations indicated nitrogen meso atoms as the places of the lowest electrostatic potential with minimum values of MEP -0.0855 for 1 and -0.0812 a.u. for 2. The calculated partial charges for the central Mg(II) and nitrogen atoms are summarized in Table S5 (Supporting Information). Thus nitrogen meso atoms are positions possessing the highest probability to undergo interaction with trivalent cations. Considering the ESP charge values and the X-ray molecular structure of 1, one can see that the aluminium and gallium cation interactions with meso nitrogen macrocycle atoms are the basis of the observed sensing property.
Conclusions
UV-Vis responses of porphyrazine (pz) system possessing non-coordinating alkyl (propyl) and aralkyl (4-tert-butylphenyl) groups in the periphery were studied for a set of mono-, di-and trivalent cations. The pzs investigated revealed promising sensor properties towards aluminium and gallium cations, unlike other metal ions studied. Moreover, pz possessing 4-tert-butylphenyl peripheral substituents revealed a sensor property towards ruthenium cation and was chosen for further investigation. Pz-metal complex formation in 1:1 ratio was estimated by the linear Benesi-Hildebrand plot accompanied by the continuous variation method. Pz 1 retained promising selectivity towards Al 3+ cation, even in the presence of other cations, like Na + , K + , Mg 2+ , Ca 2+ , Co 2+ and Mn 2+ . X-Ray studies and density functional theory calculations, including the molecular electrostatic potential calculation, were employed to investigate octa(4-tert-butylphenyl)porphyrazine structure and thus attempting to explain the observed sensor properties toward certain ions. Interaction between an ion and pz meso nitrogen in a Lewis acid-Lewis base manner is proposed. Considering that the changes observed in the UV-Vis spectra of the less peripherally crowded 2 and more crowded 1 pz are identical, cations like Ga 3+ and Al 3+ possessing small cationic radii are easily accessible to the meso nitrogen atoms. It seems that pz macrocycles possessing alkyl or aralkyl peripheral substituents might be considered as easily accessible sensors for aluminium and gallium cation determination.
